ABSTRACT: Metaphors and visualizations are important for science communication, though they may have limitations. This paper describes the development and evaluation of a novel interactive visualization, the "Dynamic Evolutionary Map" (DEM), which communicates biological evolution using a non-standard metaphor. The DEM uses a map metaphor and interactivity to address conceptual limitations of traditional tree-based evolutionary representations. In a pilot evaluation biology novices used the DEM to answer questions about evolution. The results suggest that this visualization communicates some conceptual affordances differently than trees. Therefore, the described approach of building alternative visual metaphors for challenging concepts appears useful for science communication.
process that produces that pattern, shared descent with modification [8] . Phylogenetic trees provide a science-based framework for thinking about the pattern and process of evolution [9] and have analogical elements linked to formal hypotheses about relationships among organisms. However, more metaphoric tree-like imagery is also used to represent evolutionary pattern. Tree-like diagrams have been used to represent relationships among taxa (biological groups) for several centuries [10] . When Charles Darwin selected an image to represent his theory of evolution in On the Origin of Species, he used the visual metaphor of a "tree of life." This metaphor represents the broad scope and branching pattern of evolution over time by the image of a tree whose growth is shaped by shared descent [11] . Tree of life imagery is used today in a variety of communication settings, including museums and textbooks.
According to interaction theory, metaphors help people make associations between familiar concepts or objects and new ones, providing insight and suggesting that certain interpretations of novel information are more likely to be correct than others [12] . The metaphoric features of tree imagery help viewers link the features of a familiar object (a tree) to a less familiar concept (evolution). As with any other metaphor, however, the features of a tree do not map completely to the scientific understanding of the processes and patterns of evolution. When tree-based diagrams are used for communication, they may support viewers' existing misconceptions and reinforce an inaccurate understanding of evolution [13] .
For example, the upward growth of a single-trunked tree may reinforce the notion that evolution is directed towards a goal [14] , and has been shown to support the misconception that taxa located higher in the tree are superior to those lower down [15] . A tree's singular trunk also suggests a "main line" of evolutionary progress that hides a complex historical pattern, such as by the viewer assuming that taxa located on side branches are not as important as those on the central trunk [14] . While trees may live a long time, research in the learning sciences suggests that if time is not explicitly made a part of a diagram, a viewer's sense of the scale of evolutionary time may become blurred [16] . Many viewers pay more attention to the branches of tree diagrams rather than the key branch points that result in the formation of new taxa, thus leading to an overemphasis on evolution within lineages rather than via branching events [17] . Finally, the placement of names on a tree can also be problematic: multiple names along a branch may afford viewers the impression of known continuity between ancestral and descendant species, when such a line actually represents a hypothesized relationship via many generations of reproduction [17] , while names at the tips of branches imply that evolutionary units are clearly-defined entities with fixed characteristics, rather than populations whose characteristics change over time [18] .
Contemporary science communication researchers have used digital visualization tools to create interactive tree diagrams that enhance traditional paper-based imagery. Such diagrams may allow the user to select and zoom in on a particular branch [19, 20] or reorient the tree around a selected taxon [21] [22] [23] . These operations are usually targeted to help the user achieve a greater understanding of the relationships being depicted in the diagram.
Other visualizations use animation as a narrative strategy to address tree-related misconceptions in educational settings [24] . Finally, some visualizations lead to improved information access via hyperlinking [9, 23] . Importantly, most of these interactive diagrams utilize the tree metaphor, and so may communicate some of the misconceptions common to tree-based diagrams in general.
The focus of this study is on developing a novel method of visualizing evolution as a complement to the traditional tree-related visual metaphor, and obtaining preliminary information on how this visualization is interpreted by viewers. Its purpose is to suggest a wider range of ways to communicate about the process of evolution. In place of a tree, a map metaphor is used to organize evolutionary information. Maps use proximity and direction to suggest spatial [25] , linguistic [26] , or logical [1] relationships. They are used widely across cultures [1] , though cultural mapping conventions vary [27] . In the sciences, map-like diagrams such as Sewell Wright's adaptive landscape model for population genetics are used to communicate theory to those without mathematical expertise [28] . Therefore, the concept that a map can represent evolutionary relationships should be understandable to most viewers.
Objectives

1)
To develop a new visual scientific metaphor and novel interactive visualization method for communicating evolution based on key conceptual affordances in order to overcome the limitations of existing metaphors.
2) To obtain initial feedback on how well the new interactive visualization communicates the desired key conceptual affordances to users.
Methodology
The Dynamic Evolutionary Map
In this study, key conceptual affordances of tree diagrams were identified from the literature and used to organize a novel visualization method to address conceptual limitations. A pilot evaluation was then undertaken to assess whether these affordances were being communicated. A previous publication [29] reported on the theoretical framework for this project. This paper summarizes the key affordances, reports the results of the pilot study, and discusses implications for future development. The resulting "Dynamic Evolutionary Map" (DEM) differs from traditional paper-based evolutionary diagrams by being interactive, and from interactive tree-based diagrams in using a map metaphor to visualize evolutionary pattern. Interactivity can create a sense of shared agency, engagement, and interest [30] , qualities that encourage meaningful science communication. The map metaphor alters elements of tree-based diagrams that have been identified as leading to evolutionary misconceptions, and retains elements that exemplify important evolutionary theory. The DEM visualizes the evolution of major avian taxa from the origin of anatomically modern birds approximately 120 million years ago to the present. It is qualitatively modeled upon a large-scale taxonomic study that differentiates among about 40 avian taxa [31] . The DEM begins by representing the origin of birds at a single point in the center of the map space. A series of animated stages depicts dots representing taxa radiating out from that central point and moving across the map space in nine million-year intervals until they reach their present day positions. The more genetic change a taxon has undergone from the hypothetical ancestral bird, the further it travels outward from the center of the map. One phylogenetic tree diagram [31] was used to estimate the relative amount of genetic change within taxa and suggest placement of taxa on the map in the present day. A second tree [32] was used to calibrate the branching points of taxa splitting from one another to geological time.
As is the convention, the two phylogenetic tree diagrams used to help construct the map consist of a series of bifurcating branches. In order to represent this progressive binary division and subdivision in a radial format, the DEM was constructed by allocating a bit more than half of the map space to one of the two primary avian divisions, Neognaths (most bird species), and a bit less than half to the Palaeognaths (ostriches, emus and relatives), then half of each half to the second taxonomic level, and so on. Neognaths received more than half of the space because this group is proportionately much larger than the Palaeognaths and an equal division would have resulted in crowding (Figure 1 ). Within the two major divisions, the positions of taxa were then determined by qualitatively plotting clusters of related taxa according to their genetic similarity to one another and their divergence from the origin point.
Once the present-day positions of taxa were determined, a series of 13 intermediate plots of taxa at approximately nine million-year time steps from the origin of birds was generated. The second stage in creating the DEM was to use these plots as guides to program animated, clickable dots representing the taxa onto the map space. The intermediate plots, plus the origin plot and present-day plots, were used to guide the creation of 15 total static frames that serve as stopping points during which the user can explore the positions of the taxa and interact with individual dots. Animated transitions were added between the static frames using ActionScript. The resulting dynamic map allows the user to "play" the evolution of birds forward in time in a stepped fashion.
After the animation was created, the resulting visualization was integrated into a framebased website (Figure 2 ). Users begin their interaction by encountering two pages describing the DEM and explaining how it works. The map can be advanced or reversed by clicking on forward and reverse buttons on the map. The visualization can be advanced or reversed either one static frame at a time (approximately nine million years in evolutionary time) or taken back to the starting point or forward to the present day with one click. During the static frames, each dot is programmed with rollover text that shows the name of the taxon when a cursor is positioned over it, thus helping the user orient themselves to the evolutionary pattern as a whole. Some of the dots are programmed with further interactivity, and may be clicked to open an informational page about the group in a sidebar.
The structure of the visualization gives users flexibility in exploring avian evolution over time. For example, users may choose to simply move backward and forward in time and observe the pattern of differentiation of taxa. They may also choose to follow a single taxon or group of taxa over time and observe its evolution relative to its closest relatives, thus getting a sense of relative evolutionary change and differentiation within groups. Finally, the static frames provide a way to compare the relative position of taxa at periods in history. The present-day frame in particular serves as a point of comparison, and includes a description of each taxon and photos of species so that they can be visually compared ( Figure 1 ). The DEM is viewable here: http://goo.gl/bfMN40 (shortened link).
Dynamic Evolutionary Map affordances
Traditional tree-based diagrams communicate a range of conceptual affordances about evolution to their readers. The user evaluation of the DEM was designed to determine whether several of these predicted affordances were communicated in different ways.
First, the DEM avoids several elements of tree-based diagrams that can foster teleological misconceptions. A tree growing upward implies progress, improvement, and directionality. In the DEM, groups radiate from the center without a predominant direction of movement, thus there is no "main line" of evolution [18] . Tree diagrams may also suggest hierarchical misconceptions by differentially emphasizing some groups (e.g., placing groups above others or labeling some groups and not others) and larger taxa [16] . These elements are avoided in the DEM by including similar amounts of detail about groups, such as by labeling all taxa with rollover text and highlighting each taxon with additional information at least twice.
Second, shared descent with modification is communicated in the DEM by the movement of dots that branch from a central origin, and then move radially across the map space. This contrasts with tree diagrams, in that the key evolutionary connection between groups is movement-based, rather than persistent [17] .
Third, evolution by branching events and evolution within lineages are communicated by movement. Dots splitting and moving apart show branching events, and the radial motion of dots shows evolution within a lineage. As with shared descent, affordances occur as the viewer interacts with the visualization. Branching events are key to evolutionary understanding, and static trees may not depict them well [16] .
Fourth, the sense of time passing may become blurred in tree diagrams if the temporal meaning of the vertical dimension is not made explicit [16] . In the DEM, time's passage is directly seen as the viewer advances or reverses through the animation, thus making the temporal dimension apparent.
Fifth, the nature of the ancestor-descendant relationship in evolution is difficult to depict in tree diagrams [18] . In the DEM, this relationship is communicated by the continuity of dots across the map space (i.e., as the user moves forward in time, the dots move across the map as they diverge genetically from their previous state). In trees, viewers see a set of taxa connected by branch points representing hypothetical common ancestors. This may result in a misreading of the meaning of branches as representing a static group rather than an evolving lineage [17] . While the DEM uses dots instead of branches, the dots look the same as time passes. This may suggest that avian taxa represent an unchanging group, rather than an evolving lineage.
Sixth, because the underlying metaphor of this visualization was modified from a tree to a map, there is the possibility that users might conflate distance on the map with distance in the real world. Along with assessing whether the other predicted affordances were actually being communicated by the map, the user evaluation also explored whether map-related misconceptions were being communicated to users.
Evaluation of the visualization
In a pilot study, the DEM was evaluated to assess how the visualization communicates the key theoretical affordances described in the previous section. Nineteen undergraduate students at a U.S. university performed a series of tasks using the DEM. As they completed each task, they answered questions designed to elicit information about the affordances that the visualization was communicating to them. Questions were designed to solicit answers that indicated the participants' underlying evolutionary reasoning, which were adapted from concept categories in [33] (Table 1) . Before beginning the evaluation, participants were asked several questions about their level of understanding of evolution and of birds. They were directed to interact with the DEM in several stages in order to direct their attention toward specific features.
Fourteen participants used paper-based instructions for the evaluation. Because responses suggested that participants focused more on the text elements of the visualization than the DEM itself, a second verbally-directed evaluation through the same type of tasks and questions was conducted with five additional participants: participants were verbally asked a question about the map, and directed to use the map to answer the question. They were told to focus on the map part of the visualization, although they could use the text to help them answer the questions.
Paper-based participants were given one hour to complete the questionnaire; verballydirected participants generally completed the evaluation in slightly less time. Participants performed these tasks: read introductory information, answered questions about Palaeognaths, compared Palaeognaths and Neognaths, answered questions about specific groups across the map space, and gave feedback about the overall design of the map. In both evaluations, a small number of participants requested verbal clarification from the author, who was present in the testing room, on where to find specific extinct groups and why only some dots were hyperlinked.
Participant responses were coded by the author for presence or absence of language that indicated that participants were reasoning using evolutionary concepts associated with six categories of conceptual affordances (adapted from concept categories in [33] ): teleological judgments, evolutionary comparisons, evolutionary processes, branching events versus evolution within a lineage, time, and geographical location. Table 2 describes the criteria used to code responses into categories. In general, different questions elicited different types of responses, so different categories applied to different questions. However, many responses also included language associated with more than one concept category (i.e., one response might refer to multiple concepts, such as both evolutionary processes and time). Within each of these categories, responses were coded according to the nature of the explanation given for the participant's reasoning.
Results
There were 14 participants in the paper-based part of the evaluation (seven male, five female), and five in the verbally-directed part (two male, three female). Additional information was collected for the paper-based evaluation, but not during the follow-up verbally directed evaluation; those participants were of similar age to the first group. Most participants (nine out of 14) had taken high school biology plus an introductory college biology course, three had taken only high school biology, and two reported taking both introductory and advanced college courses. The mean number of years since taking a biology course was 3.2 (SD=5.0); five participants were currently taking a biology course, five took one within the last two years, and four took biology between four and 17 years ago. On a scale of one to 11 (with one indicating no knowledge and 11 being expert), participants ranked their understanding of birds a mean of 3.6 (SD=2.0), and their understanding of evolution a mean of 2.4 (SD=1.5). Most students were English, technical writing, and computer science majors; other majors were biology and interdisciplinary studies. Figure 3 shows responses to one question designed to elicit information about the nature of teleological misconceptions ("Do any bird orders seem more advanced than others? Why or why not? If so, which ones?"). This question was designed to get participants to think about what constituted their criteria for advancement and reveal how these ideas interacted with the DEM. In the paper-based evaluation, teleological concepts were about evenly associated with birds' physical features and the diversity of the major groups (e.g., a group with more taxa was more "advanced"). In the verbal evaluation, most reasons were based on physical features. A few participants were uncertain how to define "advanced." Information about physical features would have been obtained from the visualization's text and images, while information about diversity could have been gained from text or the DEM. Verbally directed participants took much less time to read the text, but still largely based their ideas about "advancement" on the physical descriptions of birds, rather than on the differential diversity of different areas of the map.
Teleology
These results suggest that at least some of the teleological affordances found in tree diagrams may not be found in the DEM. The idea that evolution is purposeful and directed is a widespread misconception [15] , though whether participants already held teleological misconceptions was not directly tested in this study. In response to another question about which birds seemed more dinosaur-like, several participants referred to physical features like large size, predatory nature, and flightlessness that they may associate with dinosaurs. It also appears that the map metaphor itself did not contribute strongly to these misconceptions. For example, only one participant used distance on the map from the origin of birds to support ideas about advancement, which suggests that users largely did not connect map distance or proximity to the original ancestral bird with "advancement."
Shared descent
The DEM depicts the pattern of shared descent through the animation of dots across the map space. In general, results suggest that participants had few problems recognizing that the movement of dots was indicative of the biological relationships of the taxa that they represented. Table 3 summarizes the responses to several questions designed to elicit in- Table 3 . Participant assumptions about the evolutionary processes and relationships being displayed in the DEM.
Evolutionary comparisons: a=ancestor/descendant or common ancestor; b=evolving to/from, or through a transition stage; c=relatives/related (not further specified); d=belong to the same/different group on map (not further specified); e=have similar/different physical characteristics; f=can't determine relationship.
Evolutionary processes: a=genetic causes; b=environmental causes (e.g., role of environment or human influence); c=geographic causes; d=directional or purposeful change (e.g., filling niches, avoiding predators); e=loss or acquisition of a trait (no causal mechanism); f=generic processes (e.g., speciation, splitting or diverging, fitness); g=extinction; h=simple description of pattern (no causal explanation or sophisticated terminology).
formation about participants' assumptions about the evolutionary processes and relationships being displayed. Two types of responses indicated a sophisticated understanding of evolution (evolutionary comparisons specifying an ancestor/descendant relationship or common ancestor, and evolutionary change specifying genetic causes), while all other responses suggested a less sophisticated understanding [16] .
In the paper-based evaluation in particular, participants made relationship assumptions based upon accompanying text and images instead of (or along with) the DEM itself. For example, when asked to interpret the overall pattern of animation while focusing on the Palaeognath group, most of the responses included some combination of terms describing splitting or adapting plus a physical trait or traits; e.g., "This group of birds split into three different species including some flightless birds which are classified partly by their lack of keeled breastbones." The reliance on text and images by the paper-based group motivated addition of the verbally-directed evaluation. While it is difficult to make inferences from only five participants, results suggest that the second group of participants relied more on the DEM than on text and images.
Participants' reliance on text and images rather than the DEM was also seen in responses to questions about relationships between two different groups of birds, one group an extinct taxon and the second group the closest living relative of that taxon. This question seemed confusing to several participants who had difficulty finding the extinct taxon, because the information about the extinct group was obtained by clicking on the dot corresponding to the modern taxon at the appropriate point in the timeline (e.g., Terror Birds are found on the Seriema dot about 50 million years ago). Participants could have found the correct answer either in the text or by inference based upon the fact that both groups were described by the same dot. Many responses, however, were based on comparisons of the physical traits of the groups. This question was designed to determine in part whether users would assume that the extinct groups were the direct ancestors of the modern groups, a possibility because they came before them on the same dot. Only two participants (one from each evaluation) gave this response. These results suggest that while users understood the overall pattern of shared descent (e.g., groups splitting from other groups), the ancestor-descendant aspect of evolution was not clear in the DEM.
Evolution via branching events vsėvolution within a lineage
For coding purposes, references to branching events and within-lineage evolution were summarized across all responses (these responses included references coded into both the "evolutionary comparisons" and "evolutionary processes" categories of table 2). References to evolution via branching events (e.g., splitting, branching) appeared in about 13% of responses, and references to evolution within a lineage (e.g., adaptation, evolution, change) appeared in about 29% of responses (Figure 4) . Branching events are particularly important in that they describe how different biological groups form. Previous research suggests that non-tree based evolutionary diagrams do not suggest branching to students, and may therefore be less suitable for communicating about evolution [16] . The results of this study suggest that participants were using the DEM to support both types of evolutionary pattern, at least to some extent. An example response that supports this is "The map clearly shows that the Neognath group diverged into many other groups, while the Palaeognath group had five diverging groups." Nevertheless, such comments were only found in a minority of responses, suggesting that the DEM may not be suggesting these affordances to viewers as strongly as it could be.
Because this study did not make explicit comparisons between the DEM and a tree diagram, it is difficult to make broader generalizations about the magnitude of these responses, as compared to their prevalence in research on trees. Importantly, nearly all of the participants used branching movement, rather than the final proximity of dots, to evaluate relatedness among taxa. For example, in response to a question about which two of three specific taxa were most closely related, a majority (64%) based their answers at least in part upon the pattern of animation on the map. As with shared descent, these results suggest that the movement of dots was helpful in visualizing relationship patterns.
Time
Another question of interest was how well the DEM would convey the concept of time. For coding purposes, temporal references were summarized across all responses. Participants largely were aware of the passage of time, as indicated by many temporal references (65 non-specific references and 21 references to exact dates). No timeline was displayed in the visualization, which made it difficult to tie this awareness to an accurate understanding of exact dates. When asked to date a specific event in the visualization that took place about 65 million years ago, all but one participant were able to give an exact date for this event. However, six of the eighteen dates were incorrect (e.g., based on the ages of fossils described in the text).
Ancestor-descendant relationships
Participant responses suggest that individuals largely viewed taxa as individual units rather than as collections of individuals with ancestor-descendant relationships (Table 3) . The ancestor-descendant aspect of evolution may have been unclear; e.g., participants may have had the misconception that avian groups remain fundamentally the same over time. That is, the "ostrich" dot 80 million years ago might be assumed to represent the same species that exists in the present, though it is scientifically accurate to say that the earlier dot represents the ancestors of the modern ostrich.
One question asked, "What happened to the original ancestral bird species?" Several answers suggested that the original bird species either became extinct or evolved (Figure 5) . One respondent said that it still exists today, and another was unsure. Answers largely suggested a view of evolution in which the subjects of evolution, species, are seen as individuals rather than as loose populations of individuals. The species-as-individual view of evolution may create a sense of historical closure, which may foster a teleological view of evolution [14] . Very few responses suggested a sophisticated view of evolutionary subjects as ancestor-descendent lineages. One exception is a response stating: "The ancestor of the modern birds survived the Cretaceous-Tertiary mass extinction. It is questionable which is the original ancestral bird species. There are birds and bird-like dinosaur ancestors."
Map-related misconceptions
One of the concerns with modifying the underlying evolutionary metaphor to a map was that users might conflate distance on the DEM with real-world distance, or connect the movement of the dots on the DEM with real-world spatial movement. For coding purposes, geographical references were summarized across all responses. Only three responses (two from the same participant) explicitly mentioned real-world locations or directly connected the movement of birds with the movement of the dots in the virtual evolutionary space (e.g., "The Palaeognaths evolved more slowly. Not as many birds relocated to that particular area.") This suggests that the map-based visualization might not introduce new spatially based misconceptions to users.
Conclusions
Because metaphors help us make connections between familiar domains of understanding and new ideas, metaphor plays an important role in science communication and the public understanding of science [12] . The DEM was designed to address some of the misconceptions that the metaphoric affordances of the tree of life suggest to viewers of tree-like visualizations of evolution. It illustrates the genetic distance among avian taxa on a metaphoric map-like space of evolutionary adaptation, and shows viewers how taxa have moved across that virtual space as they have differentiated from their ancestors over time. The intent of this project is to demonstrate a communication method complementary to phylogenetic trees.
Most interactive evolution visualizations emphasize understanding phylogenetic trees [21] [22] [23] and may therefore not help users overcome tree-based misconceptions [20] . In general, results of this pilot user evaluation suggest that the DEM communicates some conceptual affordances differently than tree visualizations. However, this study has important limitations. First, no direct comparisons were made to an interactive tree diagram with similar properties, which would clarify whether the results were due to the map structure or another feature such as interactivity. Second, the number of participants was small, and two different methods of questioning (paper-based and verbal) were used to present the evaluation questions. Third, participants relied upon the text and images in the sidebar of the visualization to support their responses more strongly than expected, particularly in the paper-based evaluation. Nevertheless, participant responses can be used to suggest preliminary support to the theoretical predications, as well as aspects of the DEM that might be improved in the future so as to better communicate desired conceptual affordances.
Concepts the DEM may communicate well
As user feedback suggests, the DEM may be better at communicating some affordances for evolutionary understanding than many tree diagrams. For example, several elements in tree diagrams may suggest upward progress, direction, or teleological evolution [14, 15] . The DEM's radial pattern avoids communicating the directional and hierarchical aspects of tree growth that may be found in tree-based diagrams. It also avoids differential resolution of parts of the diagram by labeling all groups with rollover text and highlighting each group with additional information at least twice. The user evaluation suggests that the DEM did not suggest common tree-associated teleological concepts to the participants. However, participants used sidebar images and text to support their existing notions of "primitiveness" (e.g., flightlessness), suggesting that this may have been a confounding factor.
One interesting result is that several participants associated "advancement" with a group of birds that diversified more over time (Neognaths) than did another group (Paleognaths). Participants were explicitly asked to look for "advancement" in the DEM, and focused upon the branching pattern of descent in the diagram. While this indicates that participants used the DEM to support an evolutionary misconception when prompted to do so, it also suggests that the DEM was being interpreted correctly with regards to the concept of shared descent. Tree-based diagrams suggest shared descent by the overall structure of the tree connecting different groups [34] , while the DEM visualizes it via the branching pattern of movement. In the DEM the linkage between groups is ephemeral, and based on movement rather than a persistent visual connection. Participants appeared to have few problems interpreting the meaning of splitting and moving dots, though their responses largely did not suggest a sophisticated understanding of the underlying evolutionary mechanisms. Notably, nearly all of the participants used branching, rather than the final proximity of dots, to evaluate the degree of relatedness between taxa.
The temporal dimension is another key aspect of evolution. Tree diagrams may be interpreted as showing either the evolving pattern of life over time, or as showing a hierarchical arrangement of groups within a single time period. In other words, the sense of time passing that the tree is meant to convey may become blurred [16] . Time is incorporated into the DEM as viewers advance through the animation, making this aspect of evolution easy for viewers to visualize. There is no continuous visual reminder of the time scale, however, and participants in this study had difficulty identifying the timing of specific events. Incorporating a timeline could clarify this concept.
Concepts the DEM may not communicate well
Other evolutionary affordances may not be communicated better by the DEM. In treebased diagrams, evolution via branching events and evolution within a lineage are suggested by branch points and growth of the limb from the branch point, respectively. In many tree diagrams, both of these processes may be obscured by the details of the illustration [14] , so the key splitting events may not be apparent [16] . In the DEM, the movement of dots splitting apart and then across the map space represents these evolutionary patterns. While the splitting movement might draw attention more readily than a static branch pattern, in this study there were about twice as many references to evo-lution within a lineage than to branching events in responses. Adding a visual feature that calls attention to splitting events, such as changing the color of dots, might better communicate their importance.
Similarly, the nature of ancestor-descendent relationships is difficult to convey in diagrams: the evolutionary unit is a population, and readers of diagrams tend to interpret representations of populations (e.g., by lines or dots) as individuals [18] . Study responses suggested that taxa were being interpreted as though they were individuals, rather than ancestor-descendant lineages. To better communicate the changing nature of groups over time, dots might be programmed to change color or shape as time passes. However, this may also overemphasize evolution within lineages as compared to splitting events, so these features of the map would need to be evaluated carefully.
The causal forces that shape evolutionary pattern are not well represented in either evolutionary trees or the DEM, because both focus on evolutionary pattern itself. Because the DEM's visual elements did not suggest the causes of groups differentiating, participants likely relied on a combination of their previous understanding of evolution and the visualization text to infer causal mechanisms. In general, participant responses did not suggest a sophisticated view of evolutionary processes and largely focused on describing the overall pattern of the DEM. To better communicate these processes, the DEM could be modified or supplemented to include a focus on fine-scale evolutionary drivers.
Participant responses did not suggest a high level of map-related misconceptions, such as conflating spatial movement of the dots that move across the map space with movement across the real-world landscape. The map metaphor might not be explicit enough for novices to entangle the affordances of maps with those of the visualization, or novices might be familiar enough with the conventions of non-spatial mappings that they do not assume that the visualization represents real-world geography. Nevertheless, this possibility cannot be ruled out because of the small sample size.
Two additional aspects of the DEM may not communicate evolutionary concepts well. First, the map represents genetic similarity with physical proximity. Responses did not clarify how well users interpreted this feature. Participants largely based their explanations of similarities and differences among taxa on the pictures and descriptions of the birds, rather than on the map. This suggests that participants recognized that the proximity of dots was related to the relationships of taxa, but the text and images seemed to be more appealing as a source of explanation than the map itself. This issue could be resolved by reducing the amount of sidebar text and images in future development. Second, tree diagrams may be better at facilitating specific comparisons based upon shared descent, because the map uses animation rather than a static branching pattern to which a user can refer. Comparative testing might help elucidate whether a persistent image is better than motion for depicting a pattern in this situation.
Future research
The DEM modifies a conventional visual metaphor for evolution, the "tree of life," rather than making the conventional metaphor interactive. This does not oppose the DEM to other methods of visualization, but is designed as a complementary approach. While other research projects primarily work within the tree-like tradition, the DEM presents an alternative interpretation of evolutionary pattern that appears to support evolutionary understanding among its users.
Communicating about science in multiple media, formats, and metaphoric frameworks provides a variety of intellectual and affective affordances to which viewers might make connections. For example, the DEM provides a hands-on tool that could be introduced to museums or disseminated online in order to engage the public in exploring how evolutionary pattern develops over time, thus emphasizing the temporal element that is missing from many static tree diagrams. In educational settings, the DEM could be incorporated into current teaching practice, which includes learning how to interpret phylogenetic trees. The DEM might be introduced to accompany tree diagrams and other types of visualizations that support evolution teaching.
This visualization method also suggests possibilities for communication about of biological data within the sciences by using an alternative to the tree-structure that underpins other evolutionary visualizations. The DEM offers a novel perspective that suggests a third dimension (via movement) in a structure that is normally viewed flattened into two dimensions (a phylogenetic tree). Such a map could enrich biologists' tree-based thinking, and help them both conceptualize and share more complex ideas about the relationships among groups of organisms.
Future planned research with the DEM involves the construction of an interactive treebased diagram that shares design similarities with the DEM. This will allow a controlled comparison to a more traditional type of visualization and help clarify the differences between the DEM and more traditional visualizations. Another future research consideration is how refining the visualization features, such as by simplifying sidebar text and images and adding a timeline, will affect the user experience. The preliminary evaluation of this project suggests that the methodological approach of constructing new visual scientific metaphors based on key conceptual affordances in order to overcome the limitations of existing metaphors has been at least partially successful in communicating evolution differently than in existing visualization methods. Future enhancement and testing of this visualization will help refine these preliminary results. There are several potential applications for this visualization for informal science communication and formal education. Moreover, the approach suggested in this project can potentially be extended into other areas of science communication. As such, the DEM suggests a novel approach to designing future science visualizations.
